Abstract. Understanding the epidemiology of asymptomatic Plasmodium falciparum infections is critical for countries to move toward malaria elimination. Using different methods for parasite detection, we evaluated how seasonality, spatial location, and other factors affect the age-specific epidemiology of asymptomatic malaria in Bongo District, Ghana. Asymptomatic prevalence by microscopy decreased significantly from 42.5% at the end of the wet to 27.5% at the end of the dry season (P < 0.001). Using the 18S rRNA polymerase chain reactions (PCRs), all microscopy-negative samples were screened and prevalence of submicroscopic infections also decreased significantly from the wet (55.4%) to the dry (20.7%) season (P < 0.001). Combining detection methods, 74.4% and 42.5% of the population in the wet and dry seasons, respectively, had evidence of a P. falciparum infection. Interestingly in those > 20 years of age, we found evidence of infection in 64.3% of the population in the wet and 27.0% in the dry season. Using both microscopy and PCR, the asymptomatic P. falciparum reservoir peaks at the end of the wet season and infections in all age groups constitute the reservoir of malaria infection. At the end of the wet season, spatial heterogeneity in the prevalence and density of P. falciparum infections was observed between the two catchment areas surveyed in Bongo District. These results indicate that if elimination is to succeed, interventions will need to target not just P. falciparum infections in children but also in adults, and be implemented toward the end of the dry season in this area of West Africa.
INTRODUCTION
Although the coverage of malaria interventions across endemic regions has increased since 2000, 1 evidence suggests that combining vector control strategies, including insecticidetreated bed nets (ITNs) and indoor residual spraying (IRS), with targeted chemotherapy programs such as intermittent preventative treatment in pregnancy and infants (IPTp and IPTi) and seasonal malaria chemoprevention (SMC) will not be sufficient to interrupt transmission and eliminate malaria. [2] [3] [4] [5] Part of the challenge of implementing chemotherapy programs to target the reservoir of Plasmodium falciparum has been the limitation of current diagnostics to accurately identify and measure the prevalence of chronic asymptomatic infections in the population, often associated with low and/or submicroscopic parasite densities. [6] [7] [8] To augment and plan future malaria control programs across sub-Saharan Africa (SSA), reliable surveillance data that accounts for the size and persistence of the reservoir of asymptomatic P. falciparum infections will be necessary to fully understand the impacts of interventions on disease estimates in different epidemiological settings.
Several different diagnostic methods with varying accuracy are available to estimate parasite prevalence in the peripheral blood, including rapid diagnostic tests (RDTs), microscopy, and sensitive molecular methods (e.g., polymerase chain reaction [PCR] ). RDTs are a point-of-care diagnostic originally developed in the 1990s to inform clinical treatment by measuring the presence of the P. falciparum antigen, histidine-rich protein 2 (PfHRP-2). Despite RDTs' ease of use for population-based prevalence surveys, RDTs lack specificity as the PfHRP-2 antigen can circulate for several weeks after malaria treatment leading to falsepositive results due to prior infections. 9 Since RDTs have limited sensitivity at parasite densities less than 100 parasites per μL of blood, they can fail to identify asymptomatic P. falciparum infections and therefore are not adequate tools for elimination. [10] [11] [12] [13] [14] [15] Historically microscopy has been used as the gold standard in clinical and epidemiological studies for measuring parasite prevalence. Longitudinal monitoring has revealed that although asymptomatic P. falciparum infections can have densities that are detectable by microscopy (> 10 parasites per μL of blood), more sensitive molecular methods such as PCR, which can detect infections as low as 0.05 parasites per μL of blood, are necessary to further identify submicroscopic asymptomatic infections that are frequent in endemic countries. 3, 6, 16, 17 Previous reviews in varying transmission settings have found that when microscopy is compared with PCR it fails to identify nearly half of all P. falciparum infections. 16 Consequently the significance of these low-density asymptomatic infections as a reservoir for sustaining transmission has been underestimated.
Over the last 10 years, there have been various studies that have assessed the prevalence and risk factors associated with asymptomatic P. falciparum infections among children in SSA, but very few have simultaneously measured the reservoir in the general adult population. 5, 18, 19 This study evaluated how age, seasonality, spatial location, and other relevant factors affect the epidemiology of asymptomatic P. falciparum infections in Bongo District (BD), Ghana. Using microscopy combined with sensitive molecular diagnostic methods, we found that the asymptomatic P. falciparum reservoir persists between seasons and across all age groups in BD. This finding was more widespread in this region than previously realized from studies conducted with different objectives in the The main ethnic group in the district is the Frafra, which constitute about 94.2% of the population. In BD, the Vea Dam and irrigation area, built between 1965 and 1980, is one of the major dams built in the UER for agricultural purposes and for supporting dry season farming. 27 The economy of BD is dominated by subsistence agriculture of self-used farmers, which is greatly determined by climate. Crops grown include millet, maize, rice, groundnuts, sweet potatoes, tomatoes, peppers, and other vegetables.
Malaria has remained the number one public health problem in BD, as in most parts of the region and the country. Malaria in BD is hyperendemic (stable malaria) and is characterized by marked seasonal transmission of P. falciparum (minority: Plasmodium malariae and Plasmodium ovale). The main vector is Anopheles gambiae s.l with limited transmission from Anopheles funestus (S. Dadzie, M. Appawu, personal communication). Annual P. falciparum entomological inoculation rate (EIR) in BD has been estimated to be 25.3 infectious bites per person per year, based on current data from monthly collections in 2013 between February and September (S. Dadzie, M. Appawu, personal communication). Through a "Hang-Up" Campaign in 2012, supported by the United Nations Children's Emergency Fund and the Ministry of Health/Ghana Health Services (MOH/GHS), long-lasting insecticide-treated nets were mass distributed in BD to increase household ownership and usage of bed nets, particularly in children under 5 years of age. 28 Study design. This age-stratified serial cross-sectional study was designed to evaluate the reservoir of asymptomatic Plasmodium spp. in BD using microscopy and molecular diagnostic methods. The cross-sectional study was carried out over two sequential seasons, with each survey lasting approximately 4 weeks in duration. The first survey (Survey 1) was completed at the end of the wet season in October 2012, followed by the second survey (Survey 2) FIGURE 1. The distribution of the compounds in Bongo District (BD) included in this study (red points) and the sections (blue lines) within each catchment area: Vea/Gowrie (lower left) and Soe (upper right). The local topography, major centers, road network (yellow and white lines) and the Ghanaian boarder with Burkina Faso (solid white line) are also indicated. A dam and irrigation area is proximal to the Vea/Gowrie catchment area. The location of the study site within Ghana is presented in the insert map (upper left). Note: The population of BD resides in rural communities made up of small farm settlements scattered throughout the district. For the purposes of this study not all compounds/households in BD were geolocated and therefore are not included on the map. This figure appears in color at www.ajtmh.org.
at the end of the dry season between mid-May and June 2013. These two time points were selected to assess the impact of seasonal changes in transmission on the burden of malaria. In June 2012, an enumeration/demographic survey was completed for the two broad "catchment areas" in BD that were included for this study: Vea/Gowrie and Soe (Figure 1 ). The Vea/Gowrie and Soe catchment areas were selected as they were considered to be similar in population size, age structure, and ethnic composition; however, it was hypothesized that they could potentially differ with respect to malaria transmission as Vea/Gowrie is proximal to the Vea Dam and irrigation area. 27 In contrast, Soe is not located near any large bodies of water, although smaller dams for irrigation are located throughout the catchment area. The enumeration/demographic data was used to establish the villages, sections, and compounds in each catchment area and to ensure that the study participants enrolled represented the characteristics of the general underlying population using proportional age-stratified sampling.
Based on the average enumeration data of 5.6 persons per compound, a total of 500 compounds were selected at random for the survey from each catchment area (Vea/Gowrie and Soe) allowing for 10% nonrespondents. Index compounds were selected at random from the catchment areas (Vea/Gowrie and Soe) for participant enrollment. From the index compounds, an equal number of participants in each of the age-stratified categories (1-5, 6-10, 11-20, 21-39, ³ 40 years) were selected. Equal numbers of male and female participants were recruited sequentially into each age category until the required enrollment number for each catchment area was reached. Where necessary, participants were recruited from nearby compounds in order of proximity to the index compounds to reach the enrollment numbers required for each catchment area. At the time the study was designed, malaria parasite prevalence data in BD were limited. Based on malaria prevalence data between irrigated and nonirrigated areas from neighboring KND, an estimate risk ratio of 3.0 during the dry season for malaria prevalence between the catchments areas (Vea/Gowrie and Soe) was used. Therefore at a 95% confidence level, 80% power and sample ratio of 1:1 between the irrigated (Vea/Gowrie) and nonirrigated (Soe) catchment areas the estimated sample size per area was 865, allowing for a 15% nonresponse rate. Based on these numbers, 1,000 participants per catchment area were recruited.
Sample collection. During Survey 1 a total of 1,961 healthy participants between the ages of 1-92 years were enrolled. Data from 61 participants were excluded as they either failed to meet the study's case definition (provided below) for an asymptomatic P. falciparum infection or had Plasmodium ssp. infections that were positive for P. malariae and/or P. ovale but not P. falciparum. Samples from 1,900 participants were included for the Survey 1 analyses. All participants enrolled during Survey 1 were also invited for Survey 2 with an 83% retention rate between the two surveys. During Survey 2 additional participants were recruited to maintain an equal number of subjects per catchment area and age group for analysis. For Survey 2 there were 1,910 participants enrolled between the ages of 1-92 years. Data from 42 participants were excluded as they either failed to meet the studies case definition for an asymptomatic P. falciparum infection or had Plasmodium ssp. infections that were positive for P. malariae and/or P. ovale but not P. falciparum. Samples from 1,868 participants were included for the Survey 2 analyses. For both surveys there were no statistical differences between the participants included for analysis and those that were excluded with respect to any of the study variables including age group, gender, catchment area, etc. (P > 0.05) (see Table 1 ).
During recruitment in Survey 1 and 2, each participant enrolled was assigned a unique identifier code to label all 29, 30 The remaining blood sample was collected as a dried blood spot (DBS) onto filter paper (3MM Whatman, Maidston, United Kingdom), allowed to air dry for several hours and stored in individual self-sealing plastic bags with a desiccant for subsequent laboratory molecular analyses. The DBS were maintained away from sunlight and were stored under dry conditions at 4°C in the laboratory until they were processed for DNA extraction. Additionally a blood sample was further screened using a First Response ® (HRP-2) RDT to determine the presence of a P. falciparum infection. Participants who had a positive RDT and were febrile (temperature ³ 37.5°C) on the day the survey was conducted were considered to be symptomatic for malaria. During Survey 1 and Survey 2, 27 and 6 participants, respectively, met the criteria for symptomatic malaria and were provided with treatment by clinical personnel from the MOH/GHS. All treatments given followed the Ghana MOH/GHS AntiMalarial Drug Policy for uncomplicated malaria. 31 Sample collection, laboratory procedures and analysis were performed by trained phlebotomists/laboratory technicians and standardized between both catchment areas and surveys.
Parasitological measurements. Parasite densities were counted against white blood cells (WBC) on 10% Giemsastained thick film blood smears and examined under oil immersion of a 100-fold magnification. Two experienced technicians each independently read all the study slides and the results were reported into separate structured laboratory books. Parasite densities were counted per 200 WBC according to the WHO standards, and were calculated by averaging the two independent readings. When the slide readings were nonconcordant for either Plasmodium species identified and/or the counts recorded by more than 50%, the slide was reread by a third independent technician whose readings were final, and used as the tiebreaker. The parasite densities were further quantified as parasites per microliter of blood assuming an average WBC count of 8,000 per μL of blood. 32 Parasite species were also identified using a 100-fold magnification of the thin film smears and categorized based on morphology. Additionally, gametocytes were also counted and characterized when present.
Case definitions. Currently there is no standard definition or a diagnostic criterion for defining a "case" of malaria as asymptomatic since it often varies between studies. Generally the most widely accepted criteria for diagnosing asymptomatic malaria includes the detection of asexual and/or sexual parasites in peripheral blood combined with the absence of fever and/or other relevant clinical symptoms associated with malaria during a specified time frame. 3, [33] [34] [35] [36] [37] For this study individuals who tested positive for P. falciparum (including mixed P. falciparum infections) by either microscopy or 18S rRNA PCR, were afebrile (temperature < 37.5°C) on the day the survey was conducted and did not report a history of fever in the 24 hours prior to being surveyed, were defined as having an "asymptomatic P. falciparum infection." Analyses for Survey 1 and Survey 2 were completed on all asymptomatic infections that were positive for P. falciparum (including mixed P. falciparum infections) by microscopy or 18S rRNA PCR. Individuals who tested positive for P. falciparum (including mixed P. falciparum infections) by microscopy were defined as having an "asymptomatic microscopic infection." Individuals with an "asymptomatic submicroscopic infection" were further defined as those who tested negative for P. falciparum by microscopy, but were positive for P. falciparum (including mixed P. falciparum infections) by the 18S rRNA PCR. Since the data from both cross-sectional surveys were collected at a single time point, no follow up of the enrolled participants was completed. DNA extraction. From each DBS sample two 5 mm × 5 mm sections were cut and placed in appropriatly labeled 1.5 mL centrifuge tubes. Genomic DNA was extracted from the DBS using the QIAamp Ô DNA blood mini kit extraction procedure as described by the manufacturer (Qiagen, Valencia, California, United States). The DNA samples were eluted into 50 μL of buffer AE and stored at _ 20°C for short-term use and _ 80°C for long-term storage.
Molecular estimation of submicroscopic parasite prevalence. If a sample was found to be negative for P. falciparum by microscopy a polymerase chain reaction (PCR) was performed to further detect the presence of submicroscopic Plasmodium spp. Using previously published protocols with modifications, a nested PCR targeting the 18S ribosomal RNA gene (18S rRNA) of P. falciparum, P. malariae, P. ovale, and P. vivax was used to detect parasite DNA for all microscopy negative samples. 38, 39 All PCR reactions were carried out in a total volume of 20 μL consisting of 1× buffer, 2 mM MgCl 2 , 0.125 mM dNTPs, 0.125 μM of each primer and 0.4 units of GoTaq G2 Flexi DNA polymerase (Promega), 2 μL of purified DNA template was used for the first round of the nested PCR using the rPLU5 and rPLU6 primer pair. 38 The second round of the nested PCR was carried out in four separate tubes, each containing a single species-specific primer pair (rFAL1/rFAL2, rMAL1/rMAL2, rOVA1/rOVA2, rVIV1/rVIV2) as described in the literature, 38 with 2 μL aliquot of the PCR product from the first PCR round. Modifications were made to the cycling conditions for both the first and second rounds as follows: 95°C for 2 min, 25 cycles of 58°C for 2 min, 72°C for 5 min and 94°C for 1 min, followed by 58°C for 2 min ad 72°C for 2 min. For each PCR reaction, positive (3D7) and negative controls were included for quality control. PCRs were carried out on an Eppendorf Mastercycler nexus and visualized on a 2% agarose gel stained with EZ Vision Ô DNA Dye/Loading Buffer (Amresco) to assign samples as parasite positive by species. A positive result was noted for P. falciparum, P. malariae, P. ovale, and P. vivax at 205 bp, 144 bp, 800 bp, and 120 bp, respectively. For each survey and catchment area, a subset of 25 asymptomatic microscopic P. falciparum-positive samples were randomly selected and further evaluated using the 18S rRNA PCR to look for the reliability between microscopy and PCR. All microscopy-positive samples (N = 100) examined produced the expected band at 205 bp for P. falciparum by gel electrophoresis.
Molecular estimation of multiplicity of infection. For a subset of children (£ 12 years) from each survey with a positive microscopy result (Survey 1 N = 200; Survey 2 N = 200), a nested PCR was performed to determine the number of P. falciparum merozoite surface protein 2 (msp2) (IC/3D7 and FC27) gene clones. The PCR was completed as described by Snounou and others with modifications. 40 All PCR reactions were carried out in a total volume of 20 μL consisting of 1× buffer, 2 mM MgCl 2 , 0.125 mM dNTPs, 0.2 μM of each primer, and 0.4 units of GoTaq G2 Flexi DNA polymerase (Promega), 2 μL of purified DNA template was used in the first round of the nested PCR using the OF and OR primer pair. The second round of the nested PCR was carried out in two separate tubes, each containing a single msp2 primer pair (IC1/IC2 or FC1/FC2) as previously described in the literature with 2 μL aliquot of the PCR product from the first PCR round. Modifications were made to the cycling conditions for both the first and second rounds: Round 1 (95°C for 2 min, 30 cycles of 94°C for 1 min, 56°C for 2 min and 72°C for 2 min, followed by 72°C for 10 min) and Round 2 (95°C for 2 min, 30 cycles of 94°C for 1 min, 57°C for 2 min and 72°C for 2 min, followed by 72°C for 10 min). For each PCR reaction, positive (3D7) and negative controls were included for quality control and all PCRs were carried out on an Eppendorf Mastercycler nexus and visualized on a 2% agarose gel stained with EZ Vision Ô DNA Dye/Loading Buffer (Amresco) to determine the number of infecting IC/3D7 and FC27 clones, and to calculate the multiplicity of infection (MOI).
Statistical analysis. Statistical analyses were carried out using IBM SPSS Statistics (Version 22) software. A test was deemed to be statistically significant if the P value was less than 0.05. For all analyses study participants were categorized into defined age groups (1-5, 6-10, 11-20, 21-39, ³ 40 years) and catchment areas (Vea/Gowrie and Soe) as described in the study design. Continuous variables are presented as medians with interquartile ranges (IQRs) and discrete variables are presented using the calculated/observed prevalence values with 95% confidence intervals (CIs). Fisher exact tests or χ 2 were used for univariate analyses of discrete variables to compare proportions; nonparametric Mann-Whitney U (comparing distributions across two groups) and Kruskal-Wallis (comparing distributions across k groups) tests were used for comparing distributions across groups of continuous variables. Logistic regression was used to assess the factors associated with having an asymptomatic P. falciparum infection (microscopic and submicroscopic), with a univariate analysis being performed first. Independent variables examined as predictors included year/season of survey, age group, gender, catchment area, bed net usage the previous night, and antimalarial drug treatment in the previous 2 weeks. The final adjusted multivariate logistic regression was performed by retaining all independent variables with a P value less than 0.20 in a backward fashion. A Homer-Lemeshow goodness of fit test was used to verify the how well the data fit the logistic regression model. If a P value less than 0.05 was obtained the model was not considered to be a good fit for the data.
RESULTS
Study population demographics. At the end of the wet (Survey 1) and dry (Survey 2) seasons there were no significant differences observed in the proportion of participants sampled across all age categories for both the total study population and within/between the catchment areas ( Table 1) . During both surveys there was a similar proportion of female and male participants surveyed in the 1-5, 6-10, and 11-20 years age categories, with significantly more females than male participants being sampled in the 21-39 and ³ 40 years age groups at the end of the wet (P = 0.006 and P < 0.001) and the end of the dry (P = 0.001 and P < 0.001) season.
At the end of the wet season, 88.9% (95% CI: 88.2-89.7%) individuals reported sleeping under a bed net the previous night, with participants ages 1-5 years being significantly more likely to have reported using a bed net than the older age groups surveyed (P < 0.001). The same trend was observed at the end of the dry season, with 85.3% (95% CI: 84.5-86.2%) of the population sleeping under a bed net the previous night with participants between the ages of 11-20 and ³ 40 years being significantly less likely to have reported using a bed net (P < 0.021). When the seasonal surveys were compared, it was found that at the end of the wet season (odds ratio [OR]: 1.38 [95% CI: 1.14-1.68]; P = 0.001) participants were more likely to have slept under a bed net the previous night than at the end of the dry season. During the wet and dry seasons female participants were significantly more likely to have reported sleeping under a bed net the previous night than the male participants surveyed (OR: 1. Overall 41.6% (95% CI: 40.5-42.8%) and 8.0% (95% CI: 7.4-8.7%) of participants at the end of the wet and dry seasons, respectively, reported taking an antimalarial medication in the 2 weeks prior to being surveyed. In both surveys, 1-to 5-year-olds were significantly more likely to have reported taking an antimalarial medication in the previous 2 weeks than the other age groups surveyed (P < 0.001 and P < 0.022, respectively, Survey 1 and Survey 2). When the surveys were compared it was found that at the end of the wet season participants were more likely to have taken an antimalarial in the previous 2 weeks (OR: 8.169 [95% CI: 6.754-9.880]; P < 0.001) than at the end of the dry season. At the end of the wet season, women were more likely to have reported taking an antimalarial treatment than the male participants surveyed (OR: 31 During the wet season survey, 46.7% (95% CI: 45.4-47.8%) of individuals were categorized as anemic. In the adjusted model, participants between the ages of 1-5 years compared with the other age categories were significantly more likely to be anemic (P < 0.001). In addition at the end of the wet season participants with asymptomatic microscopic P. falciparum infections were significantly more likely to be anemic [52.6% (95% CI: 50.8-54.4%) versus 42.9% (95% CI: 40.7-45.2%), P = 0.028]. In the dry season, the number of participants classified as anemic declined significantly from the end of wet season to 31.9% (95% CI: 30.8-33.0%, P < 0.001). In the adjusted model for the dry season survey, participants between the ages of 1-5 years compared with the older age groups (> 20 years) were significantly more likely to be anemic (P < 0.006). It was also found that at the end of the dry season asymptomatic (combined microscopic and submicroscopic) P. falciparum infected participants were significantly more likely to be categorized as anemic [40.1% (95% CI: 38.4-41.9%) versus 25.9% (95% CI: 24.5-27.2%), P < 0.001].
Plasmodium falciparum prevalence. Table 2 summarizes the parasitological characteristics of asymptomatic P. falciparum infections stratified by method of parasite detection (microscopy and 18S rRNA PCR), year of survey, participants' age, sex, and catchment area. The prevalence of asymptomatic microscopic P. falciparum infections decreased significantly from 42.5% (95% CI: 41.4-43.6%) at the end of wet season) to 27.5% (95% CI: 26.5-28.5%) at the end of the dry season (P < 0.001). The prevalence of asymptomatic submicroscopic infections at the end of the wet season was found to be significantly higher than at the end of the dry [55.4% (95% CI: 53.9-56.9%) versus 20.7% (95% CI: 19.6-21.8%), respectively, in Survey 1 and Survey 2; P < 0.001] ( Table 2 ). The combined prevalence of Figure 2 ). Using microscopy the prevalence of P. falciparum gametocytes was 1.9% (95% CI: 1.6-2.2%) at the end of the wet season and 0.3% (95% CI: 0.2-0.5%) at the end of the dry season. Age-specific Plasmodium falciparum prevalence. Asymptomatic microscopic and submicroscopic P. falciparum infections occurred across all age groups. The highest prevalence of a microscopic infection occurred in children between 6 and 10 years of age in both Survey 1 and Survey 2, with prevalence decreasing as expected among older age groups (Table 2, Figure 2) ; 62.4% (95% CI: 60.0-64.8%) of 6-to 10-year-olds in the wet and 42.1% (95% CI: 39.6-44.6%) of 6-to 10-year-olds in the dry season had microscopic P. falciparum infections ( Table 2 ). Among the participants that were microscopy negative in Survey 1 and Survey 2, the highest prevalence of submicroscopic infections was detected in adolescents between 11 and 20 years; 69.8% (95% CI: 66.6-73.0%) of 11-to 20-year-olds at the end of the wet season and 37.7% (95% CI: 34.5-40.9%) of 11-to 20-year-olds at the end of the dry season that were microscopy negative had submicroscopic P. falciparum infections. During both cross-sectional surveys, parasite prevalence declined in older age groups (Figure 2 ), yet surprisingly among participants > 20 years of age, submicroscopic infections made up a larger proportion (more than half of the total number) of the total number of asymptomatic P. falciparum infections identified using both detection methods (microscopy and 18S rRNA PCR) compared with the younger age groups. At the end of the wet season (Survey 1) 64.3% (95% CI: 62.6-66.0%) of adults (> 20 years) had an asymptomatic P. falciparum infection, with 60.6% of these infections being identified as submicroscopic (Figure 2A) . At the end of the dry season (Survey 2) asymptomatic P. falciparum prevalence decreased in adults (> 20 years) to 27.0% (95% CI: 25.4-28.6%), however 56.9% of these infections were submicroscopic (Figure 2A ). This pattern of the older groups (21-39 and ³ 40 years) carrying a greater percentage of submicroscopic P. falciparum infections was also observed across both catchment areas during Survey 1 and Survey 2 ( Figure 2B and C) .
Gender-specific Plasmodium falciparum prevalence. In both Survey 1 and Survey 2, men compared with women showed a significantly higher prevalence of asymptomatic microscopic P. falciparum infections [48.4% (95% CI: 46.7-50.1%) versus 37.4% (95% CI: 35.9-38.9%) and 32.7% (95% CI: 31.1-34.4%) versus 23.2% (95% CI: 21.9-24.5), respectively, in Surveys 1 and 2; P < 0.001 and P < 0.001] ( Table 2 ). The same trend was observed for asymptomatic submicroscopic P. falciparum infections, with the prevalence of infection being significantly higher in men compared with women during both Survey 1 [ Table 2 ). These differences in the prevalence of asymptomatic infections by gender were observed in both catchment areas and were only significant within the adult age categories (> 20 years). Figure 2) . In contrast at the end of the dry season (Survey 2), there were no significant differences in asymptomatic microscopic or submicroscopic P. falciparum infection prevalences between Vea/Gowrie and Soe (Table 2, Figure 2) .
Comparison of
Plasmodium falciparum MOI. During Survey 1, both younger (1-5 years) and older (6-12 years) children had a median MOI of 3 and did not differ significantly Plasmodium falciparum density. This study was focused on diagnosing asymptomatic P. falciparum infections and as anticipated participants of all ages were found to have low to moderate densities (40-9,999 parasites/μL) with the proportion having densities ³ 10,000 parasites/μL being 8.7% in Survey 1 and 1.0% in Survey 2. Median P. falciparum density was significantly greater in Survey 1 compared with that found during Survey 2 (520 parasites/μL versus 160 parasites/μL, respectively, Survey 1 and Survey 2; P < 0.001) ( Table 2) . With respect to age, the median P. falciparum density was highest in the 1-to 5-year-olds compared with the older age groups for both Surveys 1 and 2 ( Table 2 ). Median density for 1-5, 6-10, and 11-20 year olds was significantly higher in Survey 1 compared with Survey 2 (P < 0.001) but did not change appreciably between surveys for the 21-39 and ³ 40 years age categories (P > 0.235) ( Table 2) .
During Survey 1 the median P. falciparum densities were statistically higher in 1-5 and 6-10 year olds in Soe compared with the same age categories in Vea/Gowrie (P < 0.031). However during Survey 2 there were no significant differences in the median P. falciparum densities between Vea/Gowrie and Soe based on age categories surveyed. In Survey 1 there were no significant differences in median P. falciparum densities between genders (Table 2) . Conversely during Survey 2 parasitemia was significantly higher for men compared with women (200 parasites/μL versus 160 parasites/μL, respectively, P = 0.031). With regard to catchment area, in Survey 1 the median P. falciparum density in Vea/Gowrie was significantly lower compared with Soe (360 parasites/μL versus 680 parasites/μL, respectively, P < 0.001). However at the end of the dry season (Survey 2), there were no significant differences in median density between Vea/Gowrie and Soe (Table 2 ). These data further support previous analyses that at the end of the wet season participants in Soe not only had a higher prevalence of asymptomatic infection, but that these infections also had greater median P. falciparum densities.
Risk factors associated with asymptomatic microscopic infections. To evaluate the factors associated with having an asymptomatic microscopic infection compared with being microscopically negative for malaria, all individuals who were positive for P. falciparum (including mixed P. falciparum infections) by microscopy were included (Supplemental Table 1 ). In the adjusted model, participants from Soe in Survey 1 had 1.36 (95% CI: 1.12-1.65, P = 0.002) times the odds of having an asymptomatic microscopic infection compared with participants in Vea/Gowrie. In Survey 2 there was no difference in the odds of an asymptomatic microscopic infection between the catchment areas (Supplemental Table 1 ). Participants between the ages of 6-10 years had 1.70 (95% CI: 1.28-2.30, P < 0.001) and 1.71 (95% CI: 1.26-2.33, P = 0.001) times the chance of having an asymptomatic microscopic infection compared with children £ 5 years in Survey 1 and Survey 2, respectively. Participants between the ages of 6-10 years were significantly more likely to have an asymptomatic microscopic infection compared with children £ 5 years in Survey 1 (P < 0.001) and Survey 2 (P = 0.001) (Supplemental Table 1 ). Adults (> 20 years) in Survey 1 and Survey 2 were less than half as likely to have an asymptomatic infection as detected by microscopy compared with children £ 5 years (P < 0.001, Supplemental Table 1 Risk factors associated with asymptomatic submicroscopic infections compared with asymptomatic microscopic infections. To evaluate the factors associated with an asymptomatic submicroscopic infection compared with an asymptomatic microscopic infection, all individuals who were positive for P. falciparum (including mixed P. falciparum infections) by either 18S rRNA PCR or microscopy were included (Supplemental Table 2 ). In the adjusted models there were no significant differences in the odds of a submicroscopic compared with a microscopic infection between the catchment areas during both Survey 1 and Survey 2. Participants > 20 years of age were significantly more likely to have an asymptomatic submicroscopic infection than a microscopic infection compared with children £ 5 years in both Survey 1 and Survey 2 (P < 0.001, Supplemental Table 2 ). During Survey 1, men were significantly less likely to have a submicroscopic infection than a microscopic infection (OR = 0.77 [95% CI: 0.62-0.96], P = 0.019) compared with women (Supplemental Table 3 ). However during Survey 2, there were no differences in the odds of a submicroscopic versus a microscopic infection between genders. A Hosmer-Lemeshow test was performed to verify the quality of the model fit. Survey 1: Submicroscopic adjusted logistic regression (χ 2 = 3.41, P = 0.91) and Survey 2: Submicroscopic adjusted logistic regression (χ 2 = 1.46, P = 0.98). The tests confirm the good fit of the models.
Risk factors associated with asymptomatic submicroscopic infections. To evaluate the factors associated with an asymptomatic submicroscopic infection, all individuals who were positive for P. falciparum by 18S rRNA PCR compared with being negative (by both microscopy and PCR) for P. falciparum were included (Supplemental Table 3 ). In the adjusted models, participants from Soe in Survey 1 had 2.26 (95% CI: 1.75-2.91, P < 0.001) times the odds of having an asymptomatic submicroscopic infection compared with participants in Vea/Gowrie. In Survey 2 the same trend was observed and participants in Soe had 1.39 (95% CI: 1.05-1.83, P = 0001) times the odds of also having an asymptomatic infection compared Vea/Gowrie. This finding was in contrast to the results for P. falciparum infection by microscopy in Survey 2, where no difference in the odds was found. These results suggest that although the catchment areas appear similar at the end of the dry season with respect to the prevalence of microscopic infections, Soe has a higher prevalence of low-density asymptomatic infections at the end of the dry. This difference could partially explain the significant difference in the burden of asymptomatic malaria between Soe and Vea/Gowrie observed at the end of the wet season. Participants between the ages of 11-20 years were at increased odds of having an asymptomatic submicroscopic infection compared with children £ 5 years in Survey 1 (P < 0.001) and Survey 2 (P < 0.001) (Supplemental Table 3 ). Men had 1.32 (95% CI: 1.02-1.70, P = 0.035) and 1.60 (95% CI: 1.22-2.11, P = 0.001) times the odds of having an asymptomatic submicroscopic infection compared with women in Survey 1 and Survey 2, respectively. These results support the previous differences in the burden of asymptomatic microscopic malaria between genders. Those who reported taking an antimalarial drug in the previous 2 weeks were less likely to have an asymptomatic submicroscopic infection in Survey 1 (P = 0.017) compared with participants who reported not having taken an antimalarial (Supplemental Table 3 ). A Hosmer-Lemeshow test was performed to verify the quality of the model fit. Survey 1: Submicroscopic adjusted logistic regression (χ 2 = 8.09, P = 0.43) and Survey 2: Submicroscopic adjusted logistic regression (χ 2 = 1.87, P = 0.98). The tests confirm the good fit of the models.
Risk factors associated with asymptomatic (combined microscopic and submicroscopic) infections. To evaluate the factors associated with an asymptomatic infection compared with being negative (by both microscopy and PCR) for P. falciparum, all participants who were found to be positive for P. falciparum (including mixed P. falciparum infections) by microscopy and 18S rRNA PCR were combined for the analyses (Table 3 ). In the adjusted models, participants at the end of the dry season (Survey 2) were significantly less likely to have an asymptomatic infection compared with participants at the end of the wet season (Survey 1) (P < 0.001, Table 3 ). Overall it was found that participants in Soe had 1.57 (95% CI: 1.36-1.82, P < 0.001) times the odds of having an asymptomatic infection compared with participants in Vea/Gowrie. Participants between the ages of 6-10 years and 11-20 were at increased odds of having an asymptomatic infection compared with children £ 5 years, with the adult categories (21-39 and ³ 40 years) being significantly less likely to have an asymptomatic infection compared with children £ 5 years (Table 3) . It was also observed that gender influenced the prevalence of asymptomatic infections, with men being 1.50 (95% CI: 1.30-1.73, P < 0.001) times more likely to have an asymptomatic P. falciparum infection compared with women. In addition those who reported taking an antimalarial drug in the previous 2 weeks were less than half as likely to have an asymptomatic infection compared with participants who reported not taking an antimalarial (P < 0.001, Table 3 ). A Hosmer-Lemeshow test was performed to verify the quality of the model fit. The results of the test (χ 2 = 10.89, P = 0.21) confirm that the model is a good fit.
DISCUSSION
The majority of malaria interventions deployed across SSA are targeted to improve the survival of children £ 5 years of age, as they are the population that bears the largest burden of clinical disease in areas with intense transmission. 41 Reducing the burden of disease in children is important, but asymptomatic infections among older age groups, which are less likely to proceed to a clinical infection requiring treatment, also need to be prioritized since they contribute to the reservoir of P. falciparum infection and fuel continued transmission. This study from BD, in the northeastern part of Ghana, clearly shows that if we are to move toward malaria elimination the reservoir of asymptomatic P. falciparum infections that exists in both children and adults will have to be targeted through the deployment of appropriate intervention strategies. In addition, this study revealed considerable complexities and heterogeneities of malaria transmission at a local level in BD, which are critical to understand and monitor if we are to move beyond malaria control toward elimination in this region of West Africa.
This study was designed to characterize the age-specific patterns and risk factors for asymptomatic P. falciparum infections in BD by comparing microscopy and sensitive molecular methods to develop a more accurate description of the reservoir of P. falciparum. The prevalence of asymptomatic P. falciparum infections by microscopy differed between the age groups surveyed, gradually increasing during childhood and then declining from late adolescences into adulthood. This age-dependent trend in microscopic prevalence was in agreement with previous studies [42] [43] [44] and was observed at the end of the wet and dry seasons across both catchment areas in BD. These results indicate the importance of understanding the burden of disease and consequences of asymptomatic malaria in the adolescent population, which have traditionally been neglected and rarely targeted for malaria control. 45 The attitudes and behaviors of adolescents are different from those of children and adults, and hence influence their risk of developing and transmitting malaria. 44, 46 Although ITNs, ITP p , ITP i , and SMC reduce the morbidity and mortality associated with malaria they are typically targeted toward children £ 5 years of age and therefore do not adequately account for the whole reservoir of P. falciparum infections in the population. Reducing the burden of disease among both adolescents and older age groups needs to be made a priority in regions with stable malaria transmission.
By using PCR, a sensitive molecular method to identify low-density submicroscopic infections, a more comprehensive pattern of the prevalence of asymptomatic P. falciparum was observed in BD. It was found that at the end of both the wet and dry seasons, older age groups were at greater odds of carrying asymptomatic submicroscopic P. falciparum infections. The P. falciparum infections detected in the adult population (> 20 years) were significantly more likely to be submicroscopic than microscopic, and therefore will not be effectively targeted through community screening and treatment programs such as mass screening and treatment (MSAT) and active case detection if they were adopted. Consistent with other studies, these results show an age shift in the prevalence patterns for asymptomatic submicroscopic P. falciparum infections, with adults harboring higher proportions of low density submicroscopic infections, 47, 48 likely the result of acquired partial immunity. 49, 50 These molecular data clearly show that submicroscopic infections, which are difficult to detect with conventional diagnostic methods such as RDT and/or microscopy, can contribute upwards of an additional 30-60% of asymptomatic P. falciparum infections to the reservoir of chronic infections depending on age, spatial location and seasonality. Thus, these results make a strong case for including molecular diagnostics (e.g., PCR), or equally sensitive tests (e.g., loop-mediated isothermal amplification), when monitoring the epidemiology of the P. falciparum reservoir across all ages during malaria control and elimination programs.
Another important finding of this study was that the prevalence of asymptomatic (combined microscopic and submicroscopic) P. falciparum infections peaked at the end of the wet season (74.4%), and that despite a prolonged dry period asymptomatic infections still persisted at the end of the dry season survey (42.5%) across all age groups and catchment areas. Since BD is characterized by marked seasonal transmission patterns, 51 it is not surprising that the prevalence of asymptomatic P. falciparum infections decreased significantly from the wet to dry season compared with other studies where prevalence shows less seasonality. 52 Secondly it was observed that despite asymptomatic P. falciparum infections being most prevalent among children and adolescents, 64.2% of participants > 20 years of age at the end of the wet season and 27.0% at the end of the dry, harbored asymptomatic P. falciparum infections. In BD the end of the dry season represents a bottleneck in the number of asymptomatic infections across all age groups, and as a result this seasonal time point could be further exploited for elimination by interventions that target antimalarial treatments at the population level.
Despite the presence of a year-round irrigation dam being proximal to the Vea/Gowrie catchment area, at the end of the wet season the prevalence of asymptomatic P. falciparum infections was significantly higher in Soe.
These differences suggest micro-heterogeneities between the two catchment areas in relation to seasonal transmission patterns, vector dispersion, differential use of malaria control tools, host genetics and/or parasite diversity that need to be further investigated. Moreover at end of the wet season it was observed that median asymptomatic P. falciparum densities were significantly higher in Soe compared with Vea/Gowrie, specifically for the 1-5 and 6-10 year age groups. These spatial differences observed at the end of the wet season suggest that in Soe transmission may be more seasonally intense compared with Vea/Gowrie with consequences on the rate at which immunity is acquired. These patterns may also indicate that participants residing in the irrigated Vea/Gowrie area acquire partial immunity to P. falciparum clones earlier in life due to year-round vector exposure, or perhaps are more likely to use protective tools such as bed nets to prevent mosquito bites, therefore limiting the onward transmission of the parasite.
The findings from this study have important implications for understanding the contribution of asymptomatic infections as potential reservoirs for gametocytes that could be relevant for initiating transmission at the start of the wet season. 4, 6 Research has hypothesized that the failure of previous MSAT programs to interrupt transmission in Burkina Faso and Zanzibar was a result of not adequately addressing asymptomatic P. falciparum carriers, which act as reservoirs for gametocytes and thus are capable of infecting mosquitoes. 14, 33, 53 Recent findings from an area with intense seasonal malaria in Burkina Faso suggests that submicroscopic parasite carriers are an important source of onward transmission, particularly at the end of the dry season, and are responsible for about half of the infectious P. falciparum reservoir. 4 Although our results are similar to previous studies and demonstrate that asymptomatic infections made up a substantial portion of the P. falciparum reservoir across all ages, 42, 44, 48, 54 their ability to produce mature gametocytes and transmit remains vague based on the microscopy results. Further work to evaluate the potential contribution of these asymptomatic infections for onward transmission needs to be assessed and monitored using more sensitive methods if we are to implement appropriate elimination strategies in BD.
Additional factors, beyond age, seasonality and spatial location that are known to be associated with malaria, were included and evaluated for their influence on the prevalence of asymptomatic infections. Bed nets are known to reduce the risk of malaria infection and in this study bed net usage was included as a factor that can influence parasite prevalence. Bed net usage was reported to be 88.9% at the end of the wet season and 85.3% at the end of the dry seasons across both catchment areas. When these rates were compared with data collected in 2008 by the USAID NetMark Project that found that 71% of households across six regions in Ghana had bed nets, our reported estimates were consistent with the national average. 55, 56 During both surveys it was found that there was no significant difference in the prevalence of asymptomatic P. falciparum infections between those who reported using a bed net the previous night and those who did not. This finding is likely the result of high bed net coverage and reported usage in BD, which has indirect protective effects on nonusers of bed nets in the area.
Another intervention evaluated was the use of antimalarial treatments on malaria infection. During both surveys participants who reported receiving an antimalarial treatment in the 2 weeks prior to the survey were significantly less likely to harbor an asymptomatic P. falciparum infection. At the end of the wet season, approximately four out of ten (41.6%) participants in BD reported taking an antimalarial medication for varied reasons including the treatment of acute malaria symptoms. On the other hand, at the end of the dry season significantly fewer participants (8.0%) reported taking an antimalarial treatment as expected. This difference may account for the high prevalence of asymptomatic P. falciparum infections among all ages at the end of the dry seasons. In addition during both surveys, children £ 5 years of age were significantly more likely to have reported receiving an antimalarial treatment.
At the end of the wet and dry seasons it was found that male participants in both catchment areas showed significantly higher prevalence of both microscopic and submicroscopic infections, and therefore gender was shown to be a risk factor for harboring asymptomatic infections in BD. These gender differences for infection prevalence were only significant for the adult age groups (> 20 years). Upon further examination this association was not the result of differences in bed net or antimalarial usage and perhaps is a result of underlying occupational patterns, health seeking behaviors, physiological differences and/or immunity status. [57] [58] [59] [60] [61] It is important to note that pregnant women were excluded from this study, and that perhaps by not surveying this known malaria risk group we have not appropriately evaluated the impact of asymptomatic P. falciparum infections in adult women. 62 To improve the effectiveness of malaria treatment and prevention interventions, understanding how gender contributes to the transmission and reservoir of asymptomatic infections needs to be incorporated into malaria surveillance programs.
Furthermore as expected children £ 5 years were most likely to be anemic and this was observed at the end of both the wet and dry seasons. This finding was expected since median P. falciparum densities were significantly higher in 1-5 year olds compared with the older age groups during both surveys. However what was particularly interesting to note was that at the end of the dry season, across both catchments areas, participants with either asymptomatic microscopic or submicroscopic P. falciparum infections were at greater odds of being anemic. During the dry season, when transmission was interrupted, being anemic is most likely the result of harboring chronic P. falciparum infections throughout the prolonged dry season. Although the continued circulation of chronic low-density P. falciparum infections during the dry season is important for the maintenance of immunity and provides protection against infection and/or clinical disease when transmission rebounds, these infections can also cause chronic anemia that has detrimental effects on health particularly in children. 49, 63 As endemic countries such as Ghana continue to roll out targeted chemotherapy programs, National Malaria Control Progammes need to consider the fact that their utilization does not adequately address the asymptomatic infections that contribute to maintaining the reservoir of P. falciparum. Although controversial, integrating mass drug administration (MDA) concurrently with, or after vector control strategies (ITN, IRS, etc.) have been carried out, needs to be revisited as a valuable approach that can eliminate the vast number of chronic asymptomatic infections that exist across all ages groups. Over the last 60 years, MDA clinical trial data combined more recently with modeling studies have provided the evidence that is necessary to properly guide the design and implementation of MDA programs. The research suggests that multiple rounds of MDA, carried out over several consecutive seasons prior to the rise in EIR would be the most suitable strategy to eliminate the P. falciparum reservoir. 7, 53, [64] [65] [66] [67] [68] Based on the study results, both the density and prevalence of asymptomatic P. falciparum infections in BD are at their lowest point at the end of the dry season, making this an ideal time frame to consider targeting an MDA intervention for malaria elimination in this area of West Africa.
We require a fundamental shift in how we monitor the P. falciparum reservoir and evaluate the success of an intervention. The extent of the asymptomatic P. falciparum as a potential reservoir for fueling transmission among all ages in this population from the UER of Ghana demonstrates that if we are to move beyond malaria control toward elimination it is essential that both children and adults be targeted by interventions and surveillance. Indeed, the size and persistence of the asymptomatic P. falciparum reservoir in those greater than 10 years of age supports the exploration of MDA as a potential intervention tool if we are to achieve malaria elimination in regions with intense seasonal malaria transmission.
